Background/Aims: By inducing severe endothelial impairment, hypertension and diabetes are two leading causes of morbidity and mortality. Hypertensive patients with concomitant diabetes must take both antihypertensive and hypoglycaemic medications, for which there is a lack of experimental and clinical guidelines. This study aimed to examine the interaction between these two types of medication on the endothelial cell function. Methods: The effect of antihypertensive (nifedipine and irbesartan) and anti-diabetic (metformin and glibenclamide/glimepiride) drugs on human umbilical vein cells (HUVECs) function was examined using a modified Boyden chamber assay. The intracellular NO and O 2 -levels of HUVECs were detected through flow cytometry. Results: Our findings showed that nifedipine/ sulphonylurea monotherapy significantly attenuated high glucose-induced (33 mM) HUVECs migration incapacity, while combination therapy of nifedipine and glibenclamide/glimepiride showed no protective effect. Both nifedipine/metformin monotherapy and combined therapy significantly mitigated the migration incapacity induced by high glucose in HUVECs. Combined with either metformin or sulphonylureas, irbesartan therapy was able to attenuate the high glucose-induced migration incapacity of HUVECs. Nifedipine monotherapy decreased the O 2 -levels and increased the NO levels in in vitro-cultured HUVECs treated with high glucose. However, the combination therapy of nifedipine and glibenclamide increased the O 2 -levels and decreased the NO levels compared to the nifedipine monotherapeutic group. Conclusion: The nifedipine and glibenclamide/glimepiride combination exerted a mutual antagonistic effect on the protection from high glucose-induced impairment in endothelial cells, which might be partially attributed to the increased O 2 -level and decreased NO level. These results imply that calcium channel blockers + sulphonylurea combination therapy warrants further attention in patients suffering from both hypertension and diabetes.
Introduction
Hypertension and diabetes are two major health problems that affect a majority of the general population. The overall prevalence of hypertension appears to be approximately 30-45% worldwide, with a steep increase associated with ageing, according to the 2013 hypertension guidelines from the ESH (European Society of Hypertension) and the ESC (European Society of Cardiology) [1] . While the global incidence of diabetes was estimated at 6.4% in 2010, it is expected to rise to 7.7% by 2030 [2] . In diabetics, the rate of hypertension is approximately double compared to that in patients without diabetes. Conversely, it has been suggested that hypertensive patients are more predisposed to the development of diabetes compared to normotensive patients [3] . It is estimated that one would expect 29.3% of diabetic patients to have hypertension and 7.8% of hypertensive patients to have diabetes [4] .
Moreover, hypertensive patients with comorbid diabetes are declined to develop more severe microvascular complications [5, 6] . Vascular disease is a major cause of death and disability in hypertensive or diabetic patients [7] . Abnormalities in endothelial cell morphology and function are recognized as features of diabetes [8, 9] , while endothelial dysfunction is also characteristic of hypertension [10] . Therefore, endothelial function reservation has been more than vital in cardiovascular disease treatment [11, 12] .
Patients on the hypertension-diabetes continuum must take anti-diabetic drugs, as well as antihypertensive drugs. However, there are few guidelines governing the co-administration of these two types of medications. In this work, nifedipine/irbesartan and metformin/ glibenclamide/glimepiride were investigated as representatives of antihypertensive and hypoglycaemic drugs, all of which are frequently used singly or in combination in clinics. We focused on the effect of antihypertensive and hypoglycaemic co-treatment on the high glucose-induced migration incapacity of human umbilical vein endothelial cells (HUVECs), and we investigated the underlying mechanism in terms of oxidative stress.
Materials and Methods

HUVECs culture and treatment
HUVECs were purchased from the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RAPI 1640 medium (Gibco, America) supplemented with 10% foetal bovine serum (FBS) and penicillinstreptomycin 0.5% at 37°C in a CO 2 incubator according to the manufacturer's instructions. HUVECs were seeded in 6-well plates at a density of 1 × 10 5 cells/mL to reach 80-90% confluence. The cell number was manually counted in a hemocytometer. Cells were fasted overnight in serum-free 1640 medium followed by incubation for 24 hours with high glucose (33 mM) in the absence or presence of nifedipine (Sigma, N7634; 1μm), irbesartan (Sigma, 1347700; 5μm), metformin (Sigma, D150959; 10μM), glibenclamide (Sigma, G0639; 0.2 μM) and glimepiride (Sigma, G2295; 1 μM). The glucose level (33 mM) used in the present work was determined according to previous studies [8, 11, 13] . The concentrations of the antidiabetic and antihypertensive agents were determined according to their plasma concentrations [14] [15] [16] [17] .
In-vitro cells migration assay
In brief, HUVECs (5 × 10 4 cells /100 µL) were seeded into the upper Boyden's chamber with RAPI 1640 medium and placed in a 24-well plate (Corning, Transwell @ , 3527). The lower chambers were loaded with RAPI 1640 supplemented with 50 ng/ml vascular endothelial growth factor (VEGF). Endothelial cells were allowed to migrate for 24 hours and then fixed and stained with Hoechst 33258 (5 × 10 -6 mol/L, 10 min, Molecular Probes). The number of migrated cells on the lower side of the membrane was counted at a magnification of ×100, and the mean value of five random fields was determined per sample in triplicate [18] .
Intracellular nitric oxide & superoxide measurement
The intracellular NO and O 2 -levels were respectively determined using dihydroethidium (DHE; Invitrogen, D11347) and 4-amino-5-methylamine-2', 7'-difluorofluorescein (DAF-FM) diacetate (Invitrogen, D23844) [19] . After 24 hours of treatment, HUVECs were trypsinized and rinsed twice with RAPI 1640 medium and then incubated with DHE (10 -6 mol/L) or DAF-FM (10 -6 mol/L) for 15 minutes at 37°C in the dark. After incubation, the cells were washed twice with PBS and re-suspended in 300 µl of 2% paraformaldehyde. The DHE fluorescence intensity in the cells was determined through flow cytometry.
Statistical Analysis
The results are expressed as the mean ± SEM. Comparison among different groups was performed using One-way ANOVA [20] , followed by a Newman-Keuls multiple comparison test, and P < 0.05 was considered statistically significant.
Results
Nifedipine + metformin combination therapy mitigated the migration incapacity of HUVECs in high glucose, while nifedipine + glibenclamide exhibited an antagonistic effect on endothelial cell function
HUVECs exposed to high glucose (33 μM) for 24 hours demonstrated a significantly impaired migration function compared to the control group (0.561 ± 0.007 vs 1.00 ± 0.022, P < 0.01; Fig. 1 ). Nifedipine monotherapy (1 μm, 24 hours) significantly mitigated the HUVECs incapacity induced by high glucose (0.943 ± 0.022 vs 0.561 ± 0.007, P < 0.01; Fig. 1 ). However, it was found that the combination therapy of nifedipine and glibenclamide (0.2 μM, 24 hours) did not improve the migration function of high glucose-treated HUVECs (0.613 ± 0.029 vs 0.561 ± 0.007, P > 0.05; Fig. 1 ). On the contrary, nifedipine therapy combined with metformin (10 μM, 24 hours) significantly reversed the migration incapacity of HUVECs induced by high glucose (0.814 ± 0.029 vs 0.561 ± 0.007, P < 0.01; Fig. 1 ). In addition, endothelial cell dysfunction was significantly improved by glibenclamide/metformin monotherapy (Glibenclamide monotherapy: 1.11 ± 0.031, P < 0.01 vs the high glucose group; metformin monotherapy: 0.748 ± 0.030, P < 0.01 vs the high glucose group; Fig. 1 ).
Irbesartan combined with glibenclamide or metformin reversed the HUVECs dysfunction induced by high glucose
It was found that irbesartan monotherapy significantly mitigated the incapacity of HUVECs induced by high glucose (0.966 ± 0.050 vs 0.561 ± 0.007, P < 0.01; Fig. 2) , as did the combination therapies of irbesartan + glibenclamide or metformin (Irbesartan + glibenclamide combined therapy: 1.04 ± 0.041; Irbesartan + metformin: 1.01 ± 0.034; Fig. 2 1.00 ± 0.017, P < 0.01; Fig. 3 ). However, compared to nifedipine monotherapy, nifedipine + glibenclamide combined therapy significantly decrease the NO level and increased O 2 -level in high glucose-treated HUVECs (NO level: 0.775 ± 0.036 vs 1.23 ± 0.037, P < 0.01; O 2 -level: 1.03 ± 0.031 vs 0.772 ± 0.047, P < 0.01; Fig. 3 ). The combination therapy of nifedipine and metformin significantly increased the NO and O 2 -levels in high glucose-treated HUVECs (data not shown; Fig. 3 ). In the case of irbesartan, for both monotherapy and combined therapy with antidiabetic agents, the ARB antihypertensive agent significantly increased the NO level and decreased the O 2 -level in the high glucose-impaired HUVECs (data not shown; Fig. 4 ).
Nifedipine + glimepiride combined therapy showed no protective effect from high glucoseinduced migration incapacity in HUVECs; however, monotherapies did
To investigate whether mutual antagonism was present in other new generation sulphonylureas, we examined the migration capacity in HUVECs co-treated with nifedipine and glimepiride, a third-generation sulphonylurea hypoglycaemic agent [21] . It was found that nifedipine combined with glimepiride did not affect the high glucose-impaired migration capacity of the HUVECs (0.493 ± 0.033 vs 0.561 ± 0.007, P > 0.05; Fig. 5 ). Meanwhile, glimepiride combined with irbesartan significantly improved the migration incapacity in the high glucose-treated HUVECs (1.15 ± 0.048 vs 0.561 ± 0.007, P < 0.01; Fig. 5 ).
Discussion
The major findings of the present study are as follows: 1) there is an antagonistic interaction between nifedipine and glibenclamide/glimepiride during endothelial cell function; 2) co-administration of nifedipine and metformin, irbesartan and glibenclamide/ glimepiride/metformin reversed the endothelial cell dysfunction induced by high glucose; and 3) the antagonistic interaction between nifedipine and glibenclamide might be partially attributed to their effects on intracellular NO and O 2 -levels. These results indicate that, compared to combination therapy of nifedipine and sulphonylureas, co-administration of nifedipine and metformin, irbesartan and glibenclamide/glimepiride/metformin might potentially exert a better effect on endothelial cell protection in the patients suffering from both hypertension and diabetes.
Hypertension and diabetes are two serious interrelated conditions that coexist at a greater frequency than chance alone would predict. Hypertension in diabetic patients markedly increases the risk and accelerates the course of cardiac disease, peripheral vascular disease, stroke, retinopathy and nephropathy. The factors that increase the morbidity of hypertension in diabetic patients must still be elucidated. Diabetic nephropathy greatly contributes to the development of hypertension in diabetic patients, particularly patients with type I diabetes. However, the aetiology of hypertension in the majority of diabetic patients cannot be explained by underlying renal disease. Augmented exchangeable sodium might play a role in the pathogenesis of blood pressure in diabetics [22] . It has been shown that hypertension is also a potent risk factor for diabetic macrovascular and microvascular disease [23] , which challenges the optimization of the antihypertensive therapy in diabetic patients.
There is no doubt that cardiovascular complications are at the centre of therapy in hypertensive patients with concomitant diabetes. Hypertension, diabetes and hypertensiondiabetes co-morbidity strongly increases the risk of cardiovascular diseases [24, 25] . It has been demonstrated that the combination of diabetes and hypertension results in a greater impairment of cardiac contractile function than what is observed with either disease alone -level was significantly decreased by irbesartan monotherapy and irbesartan + glibenclamide/metformin combined therapy in high glucose-treated HUVECs. *P < 0.05, **P < 0.01 vs. Glu n = 6. [26] .The underlying pathogenesis lies at the cellular level in the blood vessel wall, which intimately involves the function of endothelial cells. Endothelium emerges as a key target organ of damage in diabetes mellitus, which is enhanced in the presence of hypertension [27] . Endothelial dysfunction is one manifestation of the many changes induced by metabolic abnormalities that accompany diabetes and hypertension. Therefore, the reservation of endothelial function is necessary for the overall treatment of the hypertension-diabetes continuum. This present study indicated that the migration capacity of HUVECs was the key indicator of endothelial cell function.
Calcium channel blockers (CCB) are an indispensable category of anti-hypertensive drugs [28] . Nifedipine is a calcium channel blocker that is widely used in clinics [29] . Decreased blood vessel wall elasticity and ageing could increase the resistance to the vessel wall, thus affecting blood pressure levels. The intracellular calcium concentration increases as the calcium channels open on the vascular walls, thereby elevating vascular resistance and blood pressure [30] . By binding to the calcium channel, CCBs prevent calcium ions from flowing into the vascular cells, thereby relaxing blood vessels and decreasing blood pressure [31, 32] . However, the glucose-lowering effect of sulphonylurea is attributed to the increase of the intracellular Ca 2+ concentration that occurs by closing the ATP-sensitive potassium channel by specifically binding to sulphonylurea receptors on cellular membrane, which could stimulate insulin secretion of pancreatic β cell [33] [34] [35] . Therefore, the interaction between CCBs and sulphonylureas on HUVECs, as showed in the present work, might be partially attributed to the mutually antagonistic effect on the Ca 2+ concentration. It was found that nifedipine + metformin treatment improved the migration capacity of HUVECs impaired by high glucose. Metformin enhances sodium pump activity and nitric oxide (NO) production, thereby decreasing the intracellular calcium levels (Ca 2+ ) and vasoconstriction in vascular smooth-muscle cells [36, 37] . Its hypoglycaemic effect occurs by increasing the anaerobic glycolysis of surrounding tissue sugar [37] . However, nifedipine and metformin are both commonly metabolized through hepatic CYP2C and 3A subfamilies. Choi et al. have found that the area under the curve of nifedipine (3 mg/kg) or metformin (100 mg/ kg) was significantly greater than that of each drug alone, which might be primarily due to the competitive inhibition for metabolism after the simultaneous single oral administration of both drugs [38] . Our results also showed that nifedipine + metformin therapy attenuated the high glucose-induced migration incapacity of HUVECs.
ARBs prevent the hypertensive effects of angiotensin II through selective blockade of the angiotensin II type 1 (AT1) receptor [39] . The angiotensin-II-receptor blocker irbesartan is effective in protecting against the nephropathy progression induced by type 2 diabetes, independent of its reduction in blood pressure [40] . A systematic review of 24 studies involving antihypertensive drugs found that the incidence of diabetes is unchanged or decreased by angiotensin receptor blockers [41] . Furthermore, Riccardo et al. have demonstrated that irbesartan but not amlodipine suppresses diabetes-associated atherosclerosis [42] . Our results showed that irbesartan could improve the high glucosedamaged migration capacity of HUVECs with or without anti-diabetic therapy (metformin or glibenclamide). Ishibashi et al. have reported that combination therapy with metformin and irbesartan demonstrates therapeutic potential in diabetic nephropathy [43] .
Nitric oxide (NO) derived from endothelial NO synthase (eNOS) is regarded as a protective factor against cardiovascular diseases. It was shown that up-regulation of eNOS expression levels, together with enhanced phosphorylation, could attenuate endothelial dysfunction in coronary artery disease [44] . Leeson et al. have demonstrated that carriage of an endothelial nitric oxide synthase polymorphism was associated with functional changes in the endothelium and in cardiovascular disease [45] . Furthermore, uncoupling the endothelial nitric oxide synthase resulting in superoxide anion (O 2 -) formation instead of nitric oxide (NO) causes diabetic endothelial dysfunction [8, 9, 46] . It has been reported that NO preservation protected endothelial dysfunction under high glucose conditions [47] . Previous studies have confirmed that hypertension, diabetes and other risk factors could lead to oxidative stress in endothelial cells [48, 49] . Other reports have also proposed that HUVECs mobilization was related with NO-mediated signaling pathways [50] . The current study focused on the NO release and O 2 -level to investigate the underlying mechanism of endothelial cell function. We found that nifedipine combined with glibenclamide significantly increased O 2 -levels and decreased NO levels, which might partly contribute to the antagonistic effect of the two agents. Other studies have shown that mitochondrial dysfunction might contribute to diabetic complications [51] .
An analysis of prescribing patterns in a general hospital in Taiwan demonstrated that most diabetic hypertensive patients were treated with combination therapy for glucose and blood pressure control, in which sulfonylurea alone or combined with metformin were the most popular medications for glycemic control and calcium-channel blockers were most commonly used for blood pressure control [52] . Accordingly, it is indicated that some of the diabetic hypertensive patients may potentially take both calcium channel blockers and sulfonylureas.
The current study demonstrated, for the first time, that there is an antagonistic interaction between CCBs (such as nifedipine) and sulphonylureas (such as glibenclamide or glimepiride) during endothelial cell function. These results imply that combination therapy between those two agents warrants further attention in patients suffering from both hypertension and diabetes.
